& Background The effects of foliar nutrients and environmental variables on site productivity in Maritime pine (Pinus pinaster Ait.) stands in Asturias (NW Spain) were studied. & Methods Site productivity was evaluated by means of site index. The environmental characteristics considered included physiographic, edaphic and climatic variables. Two different statistical analyses were carried out to determine the key factors affecting site productivity: the CHAID procedure and parametric regression techniques. & Results The regression trees obtained by applying the CHAID algorithm separately to each type of variable revealed the order of importance of the environmental factors. In addition, the variables corresponding to the first level of branches of the CHAID regression trees were consistent with those identified by parametric regression. According to the parametric regression model, a physical soil characteristic (soil depth) and a climatic characteristic (mean summer temperature) were the most important variables for explaining site productivity in the region. Foliar concentrations of phosphorus and elevation were not significant factors in the parametric regression analysis (although considered key factors when foliar nutrients and physiographic variables were analyzed separately). & Conclusion Although the percentage variability in SI explained by the best parametric model was not very high (45%), the model is parsimonious and provides robust estimates of the spatial distribution of this variable. The results obtained provide further information about the ecology of this species in Asturias, and represent an important tool in forest management, especially for afforested areas.
Introduction
Maritime pine is one of the most important tree species in Spain, in terms of surface cover and wood production. The species occupies an area of 1,200,000 ha, which represents 8% of the total forest area in Spain. The current volume over bark in forests of this species represents 16% of the total Spanish timber stock, and about 31% of the annual harvested volume (MARM 2008) .
Maritime pine is also an important forest species in the region of Asturias (NW Spain), where it occupies a total surface area of 20,844 ha (5% of the total forest area), with an average harvested volume of 74,250 m 3 year -1
, which represents 10.4% of the total volume harvested annually (MARM 2008) . The species grows in even-aged stands, derived from plantations or natural regeneration after clear-cutting or wildfire. The current rotation age is 30-40 years, although older stands are common as a result of a lack of adequate management.
The area occupied by maritime pine in the region has increased in recent decades because the species has been widely used in afforestation programmes, for three main reasons: (i) its ability to grow in very poor soils and under prolonged drought, (ii) its high growth rate under oceanic climate conditions, and (iii) the high sensitivity of alternative species used in afforestation (mainly Pinus radiata and Eucalyptus globulus) to some pests and diseases. This species was planted in Asturias at an average rate of 400 ha per year between 1993 and 2007, i.e., 15% of the total area planted in the region in the period.
Practical methods of site quality estimation are required to facilitate decisions with regard to species selection in afforestation, and also to enable prediction of the expected volume growth rate. The most common indicator used to characterize and classify site quality and to estimate potential productivity is the site index (SI), defined as the expected average height of dominant (or dominant and codominant) trees at a specific reference age (Clutter et al. 1983) . This site quality indicator is commonly used because it is easy to interpret, is of high productive significance, and is of practical use in the correct application of forest growth models.
Site index can be inferred from past growth of the dominant or codominat trees in a specific site. However, when the species (or stand type) of interest is not present in a specific area and knowledge of the SI is required for management purposes, it must be inferred through indirect methods that relate site index to biophysical site variables (e.g., Rayner 1992) .
Many efforts have been made to estimate the stand site index of a particular species by use of site factors as explanatory variables. Many of those studies have dealt with the problem by considering only certain types of variables. For instance, Lebourgeois (2007) used only climatic variables; Monserud et al. (1990) used both soil and topographic variables; Rubio and Sánchez-Palomares (2006) used topographic and climatic variables. Nevertheless, attempts to predict site quality from a small number of variables have usually proven unsuccessful (e.g., Rayner 1992) , except where one factor is of overriding importance in explaining inter-site or inter-annual variation in growth (e.g., Snowdon and Waring 1991) . The combination of information on climatic, soil, and topographic characteristics, together with the foliar nutrient status has provided more accurate results (Battaglia and Sands 1997 , Chen et al. 1998 , Fontes et al. 2003 , Romanyà and Vallejo 2004 , although the information required is more expensive and difficult to acquire.
The objective of the present study was to examine how the productive capacity of maritime pine stands in Asturias is related to foliar nutrient status and environmental (climatic, physiographical and edaphic) properties. The results of the study should help forest managers make decisions with regard to species selection in new afforestations, and choose the most appropriate management practices for established stands.
Materials and methods

Characteristics of the study area
Maritime pine in Asturias is mainly distributed in the foothills of mountains close to the coast (Fig. 1) . The altitude of most of the study sites is moderate, ranging between 300 and 700 m, and the terrain is hilly, with slope gradients often exceeding 40%. The average annual temperature is 13°C, and the average annual precipitation is 1130 mm.
The soils in most of the stands are characterized by moderate or shallow depth, high organic matter content in the upper horizon, low exchangeable base cation, and high or moderate acidity (~pH 4), except in eastern Asturias, where most of the rocks are basic. The rocks were classified as Ustorthent and Ustochrept (Soil Survey Staff 1999), and were mainly developed on feldspar sandstone (52 stands) and also on phyllite (12) and conglomerate (9). With regard to the texture, the content of silt and coarser-textured particles is slightly higher in soils developed on sandstone rocks than in soil developed on phyllites and conglomerates.
Data collection
The data set was obtained from a network of 73 experimental plots established in pure even-aged stands by researchers at the University of Oviedo. The plots were located throughout the area of distribution of the species in the study region, and were entirely subjectively selected to represent the existing range of ages, stand densities and site qualities. The widespread sampling of plots also guaranteed that a wide range of sites were covered in relation to topographic, climatic and soil characteristics, as well as foliar nutrition status.
The plot size ranged from 700 to 900 m 2 , depending on stand density, in order to achieve a minimum of 30 trees per plot. All the trees in each sample plot were labelled with a number. Diameter at breast height and total height were measured to the nearest 0.1 cm and 0.1 m respectively, in all trees included in the sample plot. When dealing with plantations, plot age (t, years) was determined by establishing the date when the afforestation was carried out. Otherwise, the average age of six representative trees in the plot was selected as the representative age. The dominant height (H 0 , metres) in each plot was calculated as the mean height of the 100 thickest trees per hectare, and site index (SI, defined as the dominant height of the stand, in metres, at a reference age of 20 years), was obtained from a site quality system (Fig. 2) . This system is an algebraic difference equation based on the function proposed by Hossfeld (Hossfeld 1822) , and was selected as the best solution to describe the dominant height growth of maritime pine stands in Asturias from among the six models used by Barrio et al. (2006) . The dummy variables method (Cieszewski et al. 2000) , in which a continuous-time autoregressive error structure is considered for accounting for autocorrelation, was used to estimate the model parameters. The dynamic equation (Eq. [1]) used for site index estimation is expressed as follows:
In each plot, soil depth was determined at a minimum of three randomly selected points, with a Dutch auger. Five soil samples were taken with the same auger from depths of between 0 and 20 cm, and were combined to make a bulk soil horizon. The samples were air-dried, crumbled, finely crushed and sieved with a 2 mm screen before analysis, in duplicate. Particle-size distribution was determined by the pipette method, and sodium hexametaphosphate and Na 2 CO 3 were used to disperse the samples (Gee and Bauder 1996) . The pH was measured in H 2 O with a glass electrode in a suspension of soil and water (1:2.5), and the electrical conductivity was measured in the same extract (diluted 1:5). Organic matter was determined by the ignition method. Total N was determined by a Kjeldahl digest. Available P was determined colorimetrically with Mehlich 3 reagent. Exchangeable cations (K, Mg, Na and Ca) extracted with 1 M NH4Cl, and exchangeable aluminium extracted with 1 M KCl, were determined by atomic absorption/emission spectrophotometry. The effective cation exchange capacity (ECEC) was calculated as the sum of the values of the latter two measurements (sum of exchangeable cations and exchangeable Al). Needle samples of current-year growth were collected in September from the upper third of the crowns of two dominant felled trees and from another two well-formed trees chosen at random in each plot. The samples were combined to provide a composite sample for each plot. The composite samples were washed with distilled water, ovendried at 70°C for 48 hours, milled and sieved with a 0.5 mm screen, before analysis, in duplicate. The concentrations of P and boron (B) were determined by colorimetric analysis following combustion for 4 hours in a muffle furnace at 450°C, and dissolution of the ashes with 6 N HCl. The Ca, Mg and K were analyzed by atomic spectrophotometry in the same extract (Jones et al. 1991) . Nitrogen (organic and ammonia) was determined by Kjeldahl digestion. Duplicate samples from each plot were used to determine the precision of the procedures. When results from the duplicate sample showed acceptable levels of precision (differences between two values ±10%), the mean values were recorded and the samples were used in further analyses.
The models proposed by Sánchez-Palomares et al. (Sánchez-Palomares et al. 1999 ) for interpolating climatic variables in Spain were used here to calculate climaterelated variables. These models are functions of altitude, geographical position (UTM X-Y coordinates) and the hydrographical basin or sub-basin to which each site belongs. The climatic variables estimated were: (1) mean annual and seasonal precipitation, (2) mean annual temperature, (3) mean, maximum and minimum temperatures in the warmest and coldest months, (4) summer temperature and temperature fluctuation, (5) duration of drought (drought interval), measured as the number of months without rainfall, (6) number of cold months, (7) sum of the 12-monthly potential evapotranspiration, (8) maximum real evapotranspiration, (9) surplus moisture and annual moisture deficit, (10) physiological drought, (11) annual calculate drainage, (12) vegetative period, (13) Vernet index and index of annual water reserve. Physiographic variables (slope, aspect and altitude) were recorded in the field inventory.
Summary statistics, including the mean (and standard deviation), minimum and maximum values of the main plot characteristics and foliar nutritional status are shown in Table 1 .
Statistical analysis
The CHAID (Chi-squared Automatic Interaction Detector) method was used in order to determine the interaction between SI and the available qualitative and quantitative variables (climatic, edaphic, topographic and foliar nutrient variables). CHAID is an algorithm that splits a data set into segments that differ with respect to the response variable (Kass 1980) . The segments are defined by a tree structure of a number of independent variables, the predictors.
The CHAID method is an alternative to CaRT (classification and regression trees) analysis for analyzing predictiontype problems on the basis of a set of categorical or continuous predictor variables. The CHAID uses a different algorithm (than CaRT) to determine a final hierarchical classification tree in which each node can produce multiple branches (unlike CaRT, in which all nodes are binary).
When dealing with continuous predictors, the first step in the CHAID algorithm is to create predictor categories by dividing the respective continuous distributions into a number of categories with approximately equal numbers of observations. It subsequently determines the pair of predictor categories that is least significantly different with respect to the dependent variable. When the dependent variable is continuous, the F test is used to determine the statistical significance (Hill and Lewicki 2006) . The CHAID merges those categories of a predictor that are homogeneous with respect to the dependent variable, but maintains all categories that are heterogeneous. Since more than two categories of a predictor may differ significantly, the CHAID merging process does not necessary produce dichotomous categories.
The CHAID algorithm only splits the data for a specific predictor if this leads to a significant difference in the distribution of the dependent variable. In this way, the sampling variability in the data is taken into consideration. Furthermore, the F test of independence, used to decide which categories of each predictor to merge and which predictor to split, is a non-parametric procedure as no assumptions about the data distribution need to be made (Van Diepen and Franses 2006) .
The result of the CHAID algorithm is a decision tree structure with a split at each node. The final nodes-called leaves-are defined as combinations of the predictor variables (Van Diepen and Franses 2006) .
In the present study, SPSS software (SPSS 2007) was used to carry out the analysis. A significance level of 5% was used in the F test, the maximum number of levels was established as three, and the minimum number of cases in a node for being a child node was established in four plots. Assessment of the adequacy of the regression trees was made by means of the standard error of the estimate (SEE) statistic.
Alternatively, stepwise regression was used to derive parametric models for predicting site index. The general formulation of the parametric models is as follows:
where SI is the site index (dominant height at a reference age of 20 years), χ 1 ,…,χ n are the explanatory variables, β 1 ,…,β n are the unknown parameters, and ε is the error term. Two different types of parametric models were developed: (i) the best models considering each of the four types of variables available separately, and (ii) the best model, including all the available variables as potential regressors. The significance level for entering variables in the model and retaining them was set at 0.01.
The criteria used to evaluate the adequacy of both types of parametric models were the adjusted coefficient of determination (R 2 adj ) and the standard error of the estimate (SEE), also referred to as the root mean squared error.
The best parametric model was applied to the systematic network of plots (1 ×1 km) in the Spanish National Forest Inventory (DGCN 2006) , and geostatistical approaches were used to develop maps showing the capacity of the region for growing maritime pine. The method used was ordinary kriging, which relies on the spatial correlation structure of the data to determine the weighting values of nearby data points. According to previous studies, this geostatistical approach accurately reproduces the spatial distribution and variability in site index (e.g., Tang and Bian 2009).
Results
Regression trees
Foliar nutrients and soil characteristics
The CHAID procedure revealed that site index is significantly related to foliar phosphorus concentrations (P-value=0.018) (Fig. 3) , with the highest concentrations of P related to the highest site index values. The mean SI in stands with P concentrations below or equal to 0.80 g/kg was 11.4 m, whereas the mean SI in stands with P concentrations above 0.80 g/kg was 13.1 m.
With regard to soil parameters, soil depth is the first explanatory variable in the CHAID procedure (Fig. 4) , i.e., it is the main soil-related variable that limits height growth of the stands in Asturias. In this case, three groups were found to be statistically significant: shallow soils (<25 cm depth), which implies a mean SI of the stand of 10.5 m, soils of intermediate depth (25-67 cm depth), with a mean SI of 11.8 m for the stand, and deep soils (>67 cm depth), for which the highest mean SI (14.6 m) was obtained. produced marked increases in height growth. In intermediate soils (25-67 cm soil depth), significant differences in height growth of stands were related to the organic matter content: the site index was higher in stands with organic matter content less than or equal to 3.61% than in stands in which the organic matter content exceeded this value.
The standard error of the estimate was 2.06 m and 1.72 m for foliar nutrients and soil regression trees respectively.
Physiographic and climatic conditions
Elevation is the physiographic variable that plays the most important role in the height growth of maritime pine in the region (Fig. 5) ; two significant groups were established on this basis (P-value = 0.048): one for low elevations (<513 m) with a mean SI of 12.3 m for the plots, and the other for stands in elevations above 513 m, for which the site index was lower (10.8 m).
With regard to climatic variables, it can be observed that the mean summer temperature (MST) had a positive effect (Fig. 6) . The CHAID procedure established two groups for this variable: one with a mean temperature above 17.2°C, which corresponds to a mean site index of 13.8 m, and other where the MST is below 17.2°C, with a mean site index of 11.3 m. The latter was split into two other significantly different groups (P-value=0.005) associated with winter precipitation (WP), in which plots with WP ≤393 mm had a higher site index (11.8 m) than plots with higher precipitation (mean SI=9.9 m).
The standard error of the estimate was 2.09 m and 1.87 m for physiographic and climatic regression trees respectively.
All variables available
The regression tree including all the different types of environmental and foliar nutrient factors (Fig. 7) provides an overall picture of the relative importance of the variables. Both the first and second splitter variables are identical to those obtained in the separate analyses of soilrelated variables: soil depth, Mg and organic matter content. The only difference is the inclusion of a third split level, defined by the mean annual temperature (MAT) for concentrations of Mg below 0.257 cmol c kg -1
. The standard error of the estimate for this regression tree was 1.71 m.
Parametric regression models
Parametric regression models were fitted separately for each group of variables (foliar nutrients and physiographic, edaphic, climatic variables), and for all variables together (the "best" parametric model). The fitted equations and the values of the goodness-of-fit statistics are shown in Table 2 .
The variables selected by the stepwise regression were the same as those constituting the first level of branches of the CHAID. Variables related to foliar nutrients and physiographic conditions (Models 1 and 2) accounted for a lower percentage of total variability than those related to soil and climate (soil depth and mean summer temperature, respectively) (Models 3 and 4).
As expected, the model that explained the highest percentage of variability in SI (45%) was obtained by combining different types of variables. Soil depth and mean summer temperature are predictors in the "best" parametric model (Model 5) . No physiographic or foliar nutrient variables were found to be significant.
Discussion
Regression trees
Foliar nutrients and soil characteristics
The CHAID and parametric regression analysis both revealed that foliar P concentration is directly related to height growth. This is not surprising, since phosphorus is an important macronutrient for all plants. relationships between growth and foliar phosphorus content in Pinus pinaster. These authors also showed that there is a negative interaction between N and P, so that application of N in combination with P in soils reduces the concentration of foliar P and reduces height growth significantly.
According to the values of satisfactory levels of foliar nutrients reported by Bará (1991) and Bonneau (1995) for maritime pine in Spain and France respectively (Table 3) , the stands in the present study are clearly deficient in K, Mg and P. Moreover, the values obtained for these macronutrients are even lower than the marginal levels used as reference values for the nutritional status of the species (Table 3) . This is consistent with the results reported by López et al. (2008) for the nearby region of Galicia, although concentrations of K, Mg and P were higher than those found in Asturias, probably because the stands analyzed were young plantations on abandoned agricultural land with different levels of fertilization.
In relation to soil parameters, soil depth was the most important variable for estimating SI. This is consistent with Fig. 7 Regression tree in which the CHAID algorithm is used for all the variables available Note: All independent variables are significant at P<0.05 and all the models are significant at P<0.001. All variable units are the same as in Table 1 the general idea that soil depth is related to the exploitable soil volume for the roots and, consequently, to the available water and nutrition, and lastly to site index (Pyatt et al. 2001 ). Bará and Toval (1983) , Maugé (1987) , Rodríguez-Soalleiro (1995) and Carvalho Oliveira et al. (2000) have also demonstrated that the potential productivity of Maritime pine stands is primarily linked to soil depth and availability of access to a groundwater table during the growing season. Moreover, effective soil depth was used as a dependent variable for soil characterization in the development of an individual-tree growth model for Maritime pine (Schröder et al. 2002) in coastal areas of Galicia. Among the soil nutrient factors, only Mg and organic matter content (OM) were found to be significant factors in explaining SI, in relation to soil depth. In shallow soils, the concentration of Mg is a key soil variable, owing to synergistic effects or interactions between this variable and soil depth. Possible deficiencies in Mg in shallow soils may be the result of the rapid depletion of this nutrient, especially in areas with high precipitation, where Mg is fairly water-soluble and is readily leached to the lower layers of the soil. According to Tisdale et al. (1993) , there is a possibility of Mg deficiency when this nutrient accounts for less than 10% of the cation exchange capacity of the soil, although this figure greatly depends on the soil.
Organic matter content is especially significant in moderately deep soils, and is inversely related to site index. Similar results were obtained by Rodriguez-Soalleiro (1995) , who reported that the best site qualities for Maritime pine in Galicia correspond to sandy textured soils, with a lower amount of organic matter and exchangeable bases.
It may appear surprising that no other macro or micronutrients were found to be significant explanatory variables in the CHAID analysis. However, it must be taken into account that Maritime pine does not have high mineral requirements, and therefore can grow in nutrient-poor soils (e.g., Maugé 1987 , Carvalho Oliveira et al., 2000 .The greater interaction between effective soil depth (as compared with soil nutrients) and SI appears to indicate that Maritime pine may be considered as a "site-demanding" rather than a "nutrient-demanding" species, which is accordance with its recognized frugality. This frugality may be related to the fact that the fungi that commonly form the mycorrhizae prosper best in soils of pH less than or equal to 5 (Maugé 1987) .
Physiographic and climatic conditions
It is widely accepted that climatic and physiographic conditions of seed origin play an important role in the genetic variation of Maritime pine (Alía et al. 1997) . However, the relationship between climatic and physiographic conditions and height growth has not been wellstudied in this species.
Although Maritime pine shows a wide ecological tolerance, elevation greatly affects growth in the Spanish area of distribution (Nicolas and Gandullo 1967) and at a regional level. For instance, in Galicia, Rodríguez-Soalleiro (1995) found a significant relationship between altitude and SI, and established two levels for this variable (0-400 m) and (>400 m), similar to those established by the CHAID procedure for Asturias.
With regard to the relationship between climate conditions and SI, mean summer temperature (MST) and winter precipitation (WP) were found to be highly significant for explaining site index in Asturias. MST had a positive effect on height growth, unlike in Mediterranean areas of Spain where temperature during the growth season had a negative effect.Nevertheless, it must be taken into account that in Asturias the climate is characterized by milder and less variable (intra-annually) temperatures than in Mediterranean areas of central Spain and Portugal. Under such environmental conditions, summer temperature influences the rates of organic matter mineralization and nutrient uptake by plant roots, and therefore controls nutrient availability to plants. In addition, summer precipitation is usually higher than 130 mm in the study site (Table 1) , which implies that there is no important climatic restriction for growth in the summer period.
On the other hand, high values of WP did not promote height growth in Maritime pine in Asturias. This may appear surprising, since precipitation is a crucial factor in explaining the spatial variation in SI in Mediterranean areas (e.g., Gaspar et al. 2009 ). However, it must be taken into account that for the generally wet conditions in the region, high WP may be unfavourable, because it favours rapid depletion of water-soluble nutrients.
Parametric regression models
According to the parametric regression models obtained from the different types of variables (Models 1-4, Table 2), edaphic and climatic variables (represented by effective soil Bará (1991) and Bonneau (1995) depth and mean summer temperature respectively) account for most of the variation in SI. In fact, these two variables were selected by the stepwise procedure including all the available variables, and explained 45% of the variation in SI (Model 5, Table 2 ). Some authors have found better performance for SI prediction with other species (e.g., Chen et al. (1998) for Trembling aspen, Fontes et al. (2003) for Douglas fir in Portugal, Romanyà and Vallejo (2004) for Pinus radiata in Spain, etc.). Nevertheless, when comparing this type of outcome, the following two aspects should be considered: (i) Maritime pine presents a highly complex genetic structure with large genetic differences among populations (e.g., Alía et al. 1997; Salvador et al. 2000; González-Martínez et al. 2004) , and (ii) in the present study, only robust statistical models with just one or two predictor variables were selected.
With regard to the first aspect, it is important to emphasize that several Maritime pine provenances were used in the plantations in Asturias, because until recently there was no local provenance available. Most of the aged stands are reforestations in which the seed origin is unknown (Catalán 1988) (although they possibly originate from Atlantic and Central areas of Spain), whereas many of the recent plantations are derived from French provenances. The high levels of genetic diversity and an important genotype-by-environment interaction favour the existence of adaptations to local ecological conditions and different growth patterns. González-Martínez et al. (2004) have found that the provenance factor explains a substantial amount of the variance in SI (in some cases approximately 30%).
With regard to the second aspect, a slightly higher percentage of variability in SI in the Maritime pine stands was explained in other studies in which less robust models were used. For instance, Pacheco Marques (1991) explained 54.4% of the variability in SI in Portuguese Maritime pine stands with four regressor variables: minimum temperature in autumn, available potassium, total porosity and fine sand content.
Furthermore, other factors not considered in this study may also affect site productivity, e.g., some silvicultural practices such as weed control, competition from understory vegetation, etc.
In the separate analyses of the variables, the predictors selected by the stepwise regression were the same as those constituting the first split level in the regression trees. The results confirm the relative importance of these variables in explaining the site index. Additionally, regression tree models showed a very similar average squared error than the parametric regression models in predicting SI.
In the analysis of all variables, the variables selected by both procedures were not exactly the same. Soil depth is a significant variable in both types of analysis, whereas MST was not included in the regression tree, and MAT was included in a third split level in the regression tree. These results clearly indicate that soil depth is a key factor limiting height growth. The observed differences between the two procedures can be attributed to their different inherent structure. In the hierarchical structure of the Fig. 8 Maps of spatial distribution of SI for Maritime pine in Asturias, according to the best model developed decision trees, the independent variables are considered sequentially, revealing the order of importance of the variables in explaining SI, i.e., the variable selected first is more important than those selected subsequently. On the contrary, the stepwise procedure considers all variables simultaneously, i.e., it does not create subgroups and identifies the most important independent variable in each subgroup.
Predictive SI maps were developed on the basis of Model 5 (Table 2 ) and the systematically sampled plots in the Third National Forest Inventory for the region. Values of mean summer temperature (MST) for each plot were determined using the model proposed by Sánchez-Palomares et al. (Sánchez-Palomares et al. 1999) . Three scenarios of soil depth were considered on the basis of the mean predicted values corresponding to the first level of branches of the CHAID regression tree. Analysis of the predictive maps (Fig. 8) revealed that the most favourable area for Maritime pine growth is concentrated in the central and eastern cost of this region, where temperatures are higher in summer and precipitation is lower in winter than in western areas. This map may be useful for selecting the most suitable areas for afforestation with this species and for predicting forest growth.
Conclusions
The productivity of any vascular plant decreases when an environmental factor is outside the optimum range for growth. Bearing this in mind, the aim of the present study was to determine the relationship between productivity (evaluated by site index) and several environmental conditions in Maritime pine stands in Asturias, in order to determine the most suitable growth conditions for the species.
For this purpose, two different statistical analyses were carried out: the non-parametric CHAID procedure and parametric regression analysis. The CHAID procedure was found to be a powerful alternative tool to other methods such as principal component analysis or discriminant rules for determining the key factors that affect stand growth.
Regression trees enable visual evaluation of the results of the CHAID algorithm and a good understanding of the influence of complex interactions among predictor variables on the SI sequentially. These interactions may result in compensatory effects that may mask the influence of a certain variable when several are analysed.
Interestingly, the variables selected in the first split level of the regression trees obtained from the CHAID algorithm were the same as those obtained in the stepwise parametric regression, for the four types of variables studied. This concordance makes the process of selecting the variables that have the greatest influence on site index more consistent.
According to parametric regression models, a physical soil characteristic (soil depth) was found to be the most important factor for explaining the productivity of Maritime pine in the region, followed by a climatic characteristic (mean summer temperature). The best site qualities were observed in plots with deep soils and high summer temperatures. Although the percentage of variability in SI explained by these variables is slightly less than 50%, it must be taken into account that the provenance factor can describe a substantial percentage of the unexplained variability in SI.
The results obtained in the present study provide further knowledge about the ecology of this species in Asturias, and comprise an important tool in forest management, especially for afforested areas and in scenarios where timber production is the primary objective.
